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Coat Protein I (COPI) is one of the most intensely investigated coat complexes. Numerous studies
have contributed to a general understanding of how coat proteins act to initiate intracellular vesic-
ular transport. This review highlights key recent ﬁndings that have shaped our current understand-
ing of how COPI vesicles are formed.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Coat Protein I (COPI) was originally discovered through an
in vitro reconstitution system that sought to study vesicular trans-
port among the Golgi stacks. Vesicles reconstituted from this ap-
proach were found to have a novel coating [1]. The initial
components identiﬁed within this coating were found to exist as
a seven-subunit (a, b, b0, c, d, e, f) complex [2–6], also known as
coatomer [7]. Despite having been intensely investigated, the pre-
cise transport roles of COPI vesicles are still being debated, as sum-
marized by a recent review [8]. The current review will focus
instead on our understanding of how COPI vesicles are formed. It
should also be noted that another recent review has detailed key
controversies in the evolving understanding of COPI vesicle forma-chemical Societies. Published by E
GAP, ADP-ribosylation factor
-ribosylated substrate; BFA,
ing protein; DAG, diacylglyc-
peciﬁc brefeldin A resistant
nucleotide exchange factor;
adenine dinucleotide; PA,
2, phospholipase D type 2
omen’s Hospital, One Jimmy
1 617 525 1104.
Hsu).tion [9]. As such, the current review is meant to complement this
previous review by covering a broader scope of recent
advancements.
ADP-Ribosylation Factor 1 (ARF1) is a key small GTPase that
regulates COPI vesicle formation by recruiting coatomer onto Golgi
membrane to initiate its coat function [10]. Early reconstitution
studies used pharmacologic inhibitors to gain insight into how
the GTPase cycle of ARF1 regulates coatomer during vesicle bio-
genesis. Brefeldin A (BFA), which inhibited ARF1 activation, was
found to prevent the recruitment of coatomer onto Golgi mem-
brane [11,12]. On the other hand, a non-hydrolyzable form of
GTP (GTPcS) that inhibited ARF1 deactivation resulted in coatomer
being locked on vesicular membrane, which led to the prediction
that ARF1 deactivation would trigger the release of coatomer from
membrane for vesicle uncoating [13]. Thus, these early observa-
tions led to a simple model for how ARF1 regulates coat function.
In particular, the membrane distribution of the COPI complex
would be directly coupled to the GTPase cycle of ARF1, such that
ARF1 activation recruits the COPI complex onto membranes, while
ARF1 deactivation causes the release of the coat complex to the
cytosol.
As a small GTPase, activation of ARF1 is predicted to be cata-
lyzed by a guanine nucleotide exchange factor (GEF), while its
deactivation is predicted to be catalyzed by a GTPase-activatinglsevier B.V. All rights reserved.
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vations is that at least a GEF and a GAP would also participate in
COPI vesicle biogenesis. The identiﬁcation of these ARF1 regulators
and the subsequent characterization of how they act have led the
way in revealing the complexity of COPI vesicle formation. As de-
tailed below, additional factors have been identiﬁed and unantici-
pated mechanisms have been uncovered.
2. The GAP
The ﬁrst ARF1 regulator identiﬁed was the GAP, which was
named ARFGAP1 (ADP-ribosylation factor GTPase activating pro-
tein 1) [14]. Early studies suggested that its GAP catalytic activity
was regulated by interactions with coatomer and cargo proteins
[15–17]. At the time, this regulation was interpreted to modulate
the role of the GAP activity in COPI vesicle uncoating. Subse-
quently, this role has been reassessed when ARFGAP1 became
available as a recombinant protein for further scrutiny by the COPI
vesicle reconstitution system. When GTP, rather than GTPcS, was
used to allow GAP activity to be manifested, ARFGAP1 was found
to behave as a coat component [18,19], rather than as an uncoating
factor as previously predicted [13]. It is also notable that Sec23p,
the GAP that acts on the small GTPase Sar1p in COPII transport,
had already been shown to act as a key component of the COPII
complex [20]. Thus, GAPs that act on ARF-related small GTPases
appear to behave in fundamentally similar ways, acting not only
as negative regulators of the GTPase cycle, but also as key effectors
by being coat components.
The newly appreciated role of ARFGAP1 has also helped to re-
solve a seeming mechanistic dilemma stemming from another
key insight that the GAP activity is regulated by membrane curva-
ture [21]. Positive curvature dominates during the early (budding)
phase of vesicle formation, when a bud begins to emerge from the
planar surface of compartmental membrane. In contrast, negative
curvature dominates during the late (ﬁssion) phase of vesicle for-
mation, at the bud neck where constriction occurs prior to the
bud being released as a vesicle [22,23]. As the GAP activity of
ARFGAP1 was found to be enhanced by positive membrane curva-
ture [21], how the coat could be maintained on the budding
membrane (when positive membrane curvature predominates)
in the face of increasing GAP activity seemed enigmatic, if one
were to assume that this activity triggered membrane uncoating.
In contrast, if the GAP activity promotes vesicle formation rather
than vesicle uncoating, then the regulation GAP activity by mem-
brane curvature could be more readily reconciled with events of
membrane coating that are needed for the early phase of vesicle
formation.
It should be further noted that this revised role of how the GAP
activity acts during COPI vesicle biogenesis is predicted to work in
conjunction with other mechanisms known to promote the role of
the COPI complex in vesicle formation. In particular, coatomer has
been elucidated to interact with both protein and lipid components
on the vesicular membrane [24–27]. Moreover, ARFGAP1 has been
shown to possess functions other than the catalytic activity,
including interactions with coatomer and cargo proteins that con-
tribute to coat function [19]. As such, the GAP activity represents
just one, albeit a critical, component of multiple mechanisms that
dictate how the COPI complex acts in vesicle biogenesis.
Nevertheless, a role for ARFGAP1 in promoting COPI vesicle for-
mation has been questioned by other studies. In contrast to the use
of Golgi membrane, when a minimal membrane system (using
puriﬁed lipids to generate liposomes) was used, the GAP activity
was observed to trigger the release of coatomer from membrane
association [21,28]. Likely reconciling explanations for this appar-
ent contradictory result have been discussed in detail in a recentreview [9]. Thus, they will only be summarized brieﬂy here. Factors
that exist on Golgi membrane but not on the liposomal membrane
suggest multiple potential reconciling explanations, which need
not be mutually exclusive. They include cargo proteins and lipids
needed to stabilize the membrane recruitment of ARFGAP1, and
additional proteins found recently to be critical for COPI vesicle
formation, some of which are likely to promote the coat function
of ARFGAP1 (such as BARS and endophilin B, which will be dis-
cussed further below).
Other recent studies have sought to understand the roles of
ARFGAP2 and ARFGAP3, which exhibit signiﬁcant sequence simi-
larity to ARFGAP1. Like ARFGAP1, these other ARFGAPs also inter-
act with coatomer [29,30]. Moreover, they can be detected on COPI
vesicles reconstituted using either Golgi membrane [29] or lipo-
somes [31]. However, further scrutiny of these other ARFGAPs
has revealed functional differences as compared to ARFGAP1.
Whereas membrane curvature plays a major role in regulating
the GAP activity of ARFGAP1 [21], this mode of regulation appears
to be less relevant for the GAP activity of ARFGAP2 and ARFGAP3.
Instead, their interaction with coatomer plays the more signiﬁcant
role in regulating their GAP activity [30,31]. Further detailing this
role, studies on ARFGAP3 reveals that it possesses distinct domains
that interact with coatomer versus membrane. A region within a
central portion of ARFGAP3 that contains a stretch of basic residues
mediates its binding to coatomer, while a region near the carboxy
terminus that contains amphipathic residues allows its binding to
target membrane [30]. In light of these noted differences between
ARFGAP1 and its close cousins, a future goal will be to elucidate
how they may contribute to potentially distinct roles of different
ARFGAPs in Golgi transport pathways.
It should also be noted that in the context of the minimal lipo-
some-based membrane system, ARFGAP2 and ARFGAP3 behave
similarly as ARFGAP1 in triggering the release of coatomer from
such membrane [31]. However, as discussed above, the situation
is likely to be more complex on Golgi membrane. Thus, it will be
informative in the future to further scrutinize their potential role
in vesicle formation versus uncoating, using a reconstitution sys-
tem that contains native membrane.
3. The GEF
In contrast to the GAP, the initial identiﬁcation of a GEF pre-
dicted to act in COPI vesicle formation has not been straightfor-
ward. Taking advantage of an ARF1 mutation predicted to
stabilize interactions with the GEF, a two-hybrid screen ﬁrst iden-
tiﬁed yeast GEFs (Gea1p and Gea2p) that acted on ARF1 [32]. On
the other hand, the initially identiﬁed mammalian GEF, known as
ARNO (ARF nucleotide site opener), did not exhibit sensitivity to
BFA [33], as would be predicted for the relevant GEF that acts in
COPI transport. Accumulated evidence now suggests that this
GEF is GBF1 (Golgi-speciﬁc brefeldin A resistant guanine nucleo-
tide exchange factor 1). However, evidence for its role has also
led a tortuous path.
As its name suggests, the initial characterization of GBF1, based
primarily on an in vitro GEF assay, led to the conclusion that it was
insensitive to BFA [34]. However, further scrutiny through in vivo
approaches suggested that GBF1 was in fact a BFA-sensitive GEF,
and likely involved in regulating key components of COPI transport
[35–37]. Recently, GBF1 has been discovered to interact with coa-
tomer. Notably, this interaction was found to be independent of
ARF1 activation [38]. Thus, it has been proposed that coatomer
helps to dictate the Golgi localization of GBF1 to initiate COPI
transport. As such, this proposed role further illustrates the com-
plex mechanistic relationship between ARF regulators and
effectors.
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The utility of the COPI vesicle reconstitution system has also
been demonstrated in recent years with the identiﬁcation of novel
factors critical for COPI vesicle formation. When Golgi membrane
was washed more stringently to release peripheral membrane pro-
teins, the puriﬁed proteins used at the time (ARF1, coatomer and
ARFGAP1) were found to be no longer sufﬁcient in reconstituting
COPI vesicles. Fractionation of the salt wash led to the identiﬁca-
tion of Brefeldin-A ADP-Ribosylated Substrate (BARS) as another
critical component. Insight into how BARS acts in vesicle formation
came from studies on mutant forms that induced the accumulation
of buds in blocking COPI vesicle formation. Thus, BARS was con-
cluded to be critical for the ﬁssion step of COPI vesicle formation
[39].
Further characterization of how BARS acts in this role has sug-
gested an explanation for a long-standing observation that has
been puzzling. In an early study, palmitoyl-coenzyme A (p-CoA)
was found to be critical for the ﬁssion step of COPI vesicle forma-
tion [40]. How p-CoA is required for this process has been unclear.
As such lipid moieties have often been associated with protein
acylation, one speculation has been that certain acylated proteins
are needed for COPI vesicle ﬁssion. However, the elucidation of
how BARS acts in COPI vesicle ﬁssion has revealed an unexpected
mechanism. This role of BARS was found to be regulated by its
binding to cofactors. When nicotinamide adenine dinucleotide
(NAD) was bound to BARS, BARS was prevented from interacting
with ARFGAP1 and participating in COPI vesicle ﬁssion. In contrast,
when p-coA was bound to BARS, its interaction with ARFGAP1 was
enhanced, which allowed its participation in vesicle ﬁssion. Thus,
one role of p-CoA in COPI vesicle ﬁssion involved its binding to
BARS [39], which was distinctly different from an assumed mech-
anism of protein acylation.
The newly elucidated role for BARS in COPI vesicle ﬁssion also
suggested apparent contradictions. As background, earlier studies
had found that BFA not only inhibited the GEF activity that acti-
vates ARF1 [11,12], but also activated an endogenous ADP-ribosyl-
ation reaction [41]. A prominent target was a 50 kd protein, which
led the protein being named ‘‘Brefeldin-A ADP-Ribosylated Sub-
strate” [42]. Upon its molecular identiﬁcation, it became evident
that BARS belonged to a family of proteins previously characterized
as transcription co-repressors, which had been named C-terminal
Binding Proteins (CtBPs) [42]. CtBP1 and CtBP2 are encoded by
two distinct genes. BARS appears to be a splice variant of CtBP1,
and hence it is also known as CtBP3 [42].
A perplexing issue arose from the observation that when all
CtBP genes in mice were deleted, even though animal lethality re-
sulted, viable cells could be generated [43]. Thus, as coatomer is
critical for cell viability [44], why would a critical role for BARS
in COPI vesicle formation still allow viable cells? It turned out that
BARS acted mechanistically interchangeable with another factor
for vesicle ﬁssion, which was subsequently identiﬁed to be endo-
philin B. As a further surprising twist, the use of endophilin B did
not simply reﬂect developmental plasticity forced by the deletion
of BARS. Instead, some cells derived from normal adult animals
were found to use BARS, while other used endophilin B, for COPI
vesicle ﬁssion [45]. Thus, unanticipated mechanistic ﬂexibility
was revealed for COPI vesicle formation.
The saga regarding BARS subsequently further deepened. An
early study found that BARS could induce the ﬁssion of Golgi mem-
brane [46]. This capability was linked to an acyltransferase activity
detected in the recombinant protein, which catalyzed the conver-
sion of lysophosphatidic acid to phosphatidic acid (PA). However,
it was subsequently discovered that the acyltransferase activity
was not intrinsic to BARS [47]. Moreover, this activity was not re-quired for the role of BARS in COPI vesicle ﬁssion [39]. Thus, a key
mechanistic question became: how could BARS induce membrane
ﬁssion? Recently, this mystery was resolved by the ﬁnding that
BARS can directly deform membrane [48].
5. Critical lipids
Further characterization of this newly discovered membrane-
deforming ability of BARS has led to the identiﬁcation of another
critical component needed for COPI vesicle formation. It turns
out that BARS could only induce membrane deformation in the
presence of phosphatidic acid (PA). The role of PA in this case
was not simply acting as a membrane platform to recruit BARS.
Rather, PA was found to be an active participant that cooperated
with BARS to ‘‘bend” membrane. Further studies revealed that PA
generated speciﬁcally by phospholipase D type 2 (PLD2) was criti-
cal for a late stage of COPI vesicle ﬁssion, when constricted bud
necks must undergo scission to release buds as vesicles from Golgi
membrane [48].
Diacylglycerol (DAG) is another critical lipid recently discovered
for COPI vesicle formation. Using pharmacologic inhibitors to tar-
get PA phosphohydrolases, which catalyzed the conversion of PA
to DAG, a recent study found that such inhibition induced the accu-
mulation of Golgi buds and released ARFGAP1 from Golgi mem-
brane. Thus, DAG was concluded to recruit ARFGAP1 to act in
COPI vesicle ﬁssion [49]. However, using similar pharmacologic
inhibition, a later study concluded that DAG is critical for a differ-
ent mechanistic step of COPI vesicle formation. Because the forma-
tion of Golgi buds was suppressed altogether, DAG was suggested
to act in early (budding), rather than late (ﬁssion), vesicle forma-
tion. Furthermore, knocking down ARFGAP1 was found to induce
the accumulation of Golgi buds. As such, it was further concluded
that the critical role of DAG in early vesicle budding could not be
attributed to the recruitment of ARFGAP1 to Golgi membrane
[50]. How can the different conclusions on the role of DAG be rec-
onciled? One potential explanation can be that, despite using sim-
ilar pharmacologic inhibitors, different dosage has been used. Thus,
different molecular targets may have been preferentially affected.
As such, the future identiﬁcation of speciﬁc molecular entities
and their characterization seem likely to resolve this current
uncertainty regarding the role of DAG.
6. Re-visiting ARF1 and coatomer
ARF1 is known to be post-translationally modiﬁed by myris-
toylation at its amino terminus. This myristoyl chain is predicted
to be sequestered when ARF1 is in its inactive (GDP-bound) form,
and exposed when ARF1 is activated to its GTP-bound form by the
GEF activity. Moreover, when exposed, the myristoyl chain is pre-
dicted to stabilize membrane association of ARF1 by inserting into
target membrane [51]. However, the details of how this acyl chain
undergoes conformational changes during ARF1 activation could
not be scrutinized for many years. Attempt to gain structural in-
sight by X-ray crystallography was stymied, because this region
of the ARF1 was too ﬂexible. The recent pursuit of nuclear mag-
netic resonance has overcome this hurdle. Notably, the seques-
tered myristate in the inactive form of ARF1 was suggested to
have a role in regulating the ability of the GEF to activate ARF1
[52]. Thus, the myristoyl chain of ARF1 acts in more complex ways
than previously imagined.
Besides in regulating the recruitment coatomer, ARF1 has been
suggested recently to have another role in COPI vesicle formation.
An initial clue came from studies in COPII transport, in which the
small GTPase Sar1p regulates the recruitment of the COPII complex
to the ER membrane in initiating COPII vesicle formation [20]. In
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intrinsic ability to deform membrane. When incubated with lipo-
somes, Sar1p was found to constrict this membrane to produce
tubular extensions. Further characterization suggested that this
behavior was likely critical for the ﬁssion step of COPII vesicle for-
mation [53,54]. When ARF1 was examined similarly, it was also
noted to have an intrinsic ability to induce the tubulation of lipo-
somes [55–57]. Thus, ARF1 may also have an unexpected role in
COPI vesicle ﬁssion.
There has also been a reﬁnement in our understanding of how
coatomer deforms membrane. Liposomes have been used to study
how lipids organize themselves into two phases, liquid-ordered
and -disordered states. Further expanding on such characteriza-
tion, coatomer has been shown recently to assemble onto the li-
quid-disordered domain of liposomes. Moreover, its ability of
deform such liposomes is limited by membrane tension. Thus, be-
sides speciﬁc lipid moieties, the organization of membrane do-
mains at the Golgi is also suggested to modulate the formation of
COPI vesicles [58].
Notably however, whereas studies have found ARF1 to possess
an intrinsic ability to deform membrane [55–57], ARF1 did not ap-
pear to possess this ability in the study that sought to examine
how liquid phases that generates membrane tension contribute
to COPI vesicle biogenesis [58]. Rather, membrane deformation in
this study was shown to require both ARF1 and coatomer [58].
As all studies have used liposomes, a reconciling explanation is
likely to come from a closer inspection of speciﬁc lipid species used
to generate liposomal membrane. Such future studies may reveal
that ARF1 requires a particular set of lipids for its ability to induce
membrane deformation.Fig. 1. Key components acting in COPI vesicle formation. For the initial step that involve
facilitated by additional interactions with coatomer and cargo proteins. Subsequently, co
late (ﬁssion) stage of vesicle formation. Their roles involve interaction with cargo prote
cargo sorting. For the ﬁssion stage, BARS in cooperation with PA are needed additionally.
remains to be resolved.7. Perspective
Mechanisms of COPI vesicle formation is now appreciated to be
more complex than originally envisioned, both with respect to new
factors identiﬁed and novel mechanisms elucidated. Besides ARF1
and coatomer, additional proteins critical for COPI vesicle forma-
tion include GBF1, ARFGAP1, and BARS (or endophilin B depending
on the cell type). Vesicle formation also requires two critical lipids,
PA and DAG. The identiﬁcation of these additional key components
have resulted in a more complex appreciation for how COPI vesicle
formation is achieved (see Fig. 1 for a working model).
Given the recent advancements that have led to multiple unex-
pected insights, it seems likely that further revision of this model
will occur in the future. Along this line, key questions have arisen
in light of recent ﬁndings. For instance, as the GAP activity cata-
lyzes the deactivation of ARF1, it is not immediately obvious how
this activity could explain why the GAP activity promotes COPI car-
go sorting. Moreover, a role for the GAP activity in COPI vesicle for-
mation predicts that other factor(s) would be involved in vesicle
uncoating. Thus, a future goal will be to identify such predicted fac-
tor(s). It is also notable that PA can be generated through multiple
distinct enzymatic activities. Thus, as BARS requires PA for mem-
brane ﬁssion, and PA generated by PLD2 only acts at the late stage
of vesicle ﬁssion, could other ways of generating PA be involved in
promoting the early stage of COPI vesicle ﬁssion?
The proven utility of the COPI vesicle reconstitution system pre-
dicts that it will continue to spearhead future mechanistic discov-
eries. However, depending on how this reconstitution system is
devised, for instance using minimal (liposomes) versus complex
(Golgi) membrane, it is also apparent that the behavior of somes the recruitment of key factors, GBF1 activates ARF1 and this process is likely to be
atomer and ARFGAP1 act as coat components to drive both the early (budding) and
ins, which also achieves cargo sorting and thereby coupling vesicle formation with
Not shown is the role of DAG, because its precise function in COPI vesicle formation
3762 V.W. Hsu, J.-S. Yang / FEBS Letters 583 (2009) 3758–3763key factors (such as the GAP) can be altered. Thus, an additional fu-
ture goal will be generate a membrane system that is simpler than
Golgi membrane but more sophisticated than the liposomes de-
vised thus far, so that physiologic mechanisms can be further
deduced.
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